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responsibility ofAbstract Nickel-based single crystal superalloys oriented along the o0014 and o0114 lattice
directions were produced by a bottom seeding technique in an attempt to understand the evolution
mechanism of the dendrite grown along different orientations in the present study. The changes in
primary dendrite arm spacing for single crystal with different orientations are also discussed. It was
found that the dendrite morphologies of single crystal superalloy grown along o0114 were
different from that of o0014. Firstly, the dendrites showed the irregular cruciforms and array in
rows in a transverse section. Secondly, no typical primary dendrites were observed but the dendrite
morphologies appeared like the letter ‘‘V’’ or ‘‘W’’ in a longitudinal section. The primary dendrite
arms grew along theo0014 orientation from the bottom of the sample in theo0014 orientation.
However, in the o0114 orientation, the single crystal developed by continuous side-branching
along the [001] and [010] orientations. The primary dendrite arm spacing was as the function of the
deviation angle f. It indicates that with the increase in the deviation angle f, the primary dendrite
arm spacing ﬁrst increased, and then decreased.
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Chinese Materials Research1. Introduction
Nickel-based single crystal superalloys are widely used in
turbine blades where high temperature strength and creep
resistance are required [1]. The advanced mechanical proper-
ties of single crystal superalloys are dependent on the elimina-
tion of grain boundaries and the coincidence of the preferred
o0014 crystallographic orientation with the minimum
Young0 modulus [2]. Nickel-based superalloys have a cubic
crystal structure and the dendrite arms show regularsting by Elsevier Ltd. All rights reserved.
Fig. 1 Schematic view of the measurement of primary dendrite
arm spacing.
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direction of heat ﬂow. Based on the experimentally observed
four-fold symmetry of dendrite side-branches, it is generally
believed that side-branching occurs along the o0014 crystal-
lographic direction [3]. Chalmers [4] explained the o0014
growth direction of metal dendrites in terms of the region of
dendrite tip being bound by the slowest-growing close-packed
{111} planes. The importance of liquid–solid interfacial energy
anisotropy in the theoretical modeling of dendrites is now well
recognized [5,6]. It was found that the dendrite growth
directions and morphology in the directional solidiﬁcation
were varied with the anisotropic materials [7–10]. Ding and
Tewari have reported that the microstructures of directionally
solidiﬁed single crystals change along different crystallo-
graphic orientations, and that the side-branches in face
centered cubic (FCC) metal alloys grew along the o1004
crystallographic directions regardless of the direction of heat
extraction [11].
During directional solidiﬁcation, the interface between the
semi-solid seed and the molten alloy can be the origin of stray
grains with random orientation including o0114 that are
highly misoriented from the desired seed orientation [12].
Therefore, to understand the dendrite evolution mechanism
of different crystallographic orientations is an important
factor to prevent the formation of the stray grain during the
solidiﬁcation of single crystal. In our recent study [13], the
microstructural development of differently oriented seeds in
directional solidiﬁcation was observed, the aim of which was
to understand the effects of the seed on the microstructures of
the single crystal. The dendrite arms showed regular cruci-
forms in the o0014 orientation. In contrast, dendrites of the
single crystals in theo0114 orientation were arrayed in rows
in a transverse microstructure. The previous study explained
the evolution mechanism of dendrite morphologies grown
along o0014 crystallographic orientations. However, how
dendrite evolution occurred in the o0114 orientation and
why dendrites array in rows in a transverse microstructure
were not explained.
Similar to the experiments in Ref. [12], to extend our
previous work, single crystal superalloys oriented along
o0014 and o0114 lattice directions were produced in this
study. The dendrite morphologies of o0014 and o0114
oriented crystals were checked. The changes in primary
dendrite arm spacing for different orientations are also
discussed. The aim of the present study is to understand the
evolution mechanism of dendrite morphologies of single
crystal superalloys grown along different crystallographic
orientations.2. Experiments
The ﬁrst generation nickel-based single crystal superalloy
AM3, with a composition of Ni–7.82Cr–5.34Co–2.25Mo–
4.88W–6.02Al–1.94Ti–3.49Ta (wt%), was used in the experi-
ments. A bottom seeding technique was employed to obtain
single crystal superalloys with different crystallographic orien-
tations in a modiﬁed Bridgman-type directional solidiﬁcation
furnace with liquid metal cooling. The seeds, 18 mm in length,
were placed at the bottom of the master alloy. The furnace
was heated to 1650 1C and held for 20 min to homogenize the
melt. Afterwards, the samples were withdrawn at a constantrate of 100 mm/s and then quenched into liquid metals to
observe the liquid–solid interface.
Crystallographic orientations of the sample were analyzed
by a RIGAKU D/MAX-2400 diffractometer with a Cu Ka
source. By rotating a sample along its surface axis during
y-scanning process to ensure the normal axis of the crystals
plane to across the diffraction plane multiply, the deviation
angle between the crystal orientation and the surface axis is
obtained. The detailed method and mechanism employed here
are described in Ref. [14]. Each sample was etched by a
solution of 14 mL HCl, 21 mL H2O and 8 g FeCl3. Dendrite
morphology and the dendrite arm spacing were analyzed using
a LEICA DM400M optical microscopy. For single crystal
with a deviation angle, the cross section cannot exactly
represent the primary dendrite arm spacing. Therefore, the
simple calculating method was introduced, as shown in Fig. 1.
First, the dendrite array perpendicular to the sample axis l
was measured, and then a calculation with the primary
dendrite arm spacing lTwas made. From the geometrical
calculation, the equation lT ¼ lcosf is obtained ﬁnally, where
f refers to the misorientation angle of the primary dendrite
arm deviated from the sample axis.3. Results
3.1. Dendrite morphologies of single crystal superalloy grown
along the o0014 orientation
Fig. 2 shows the quenched liquid–solid interfaces directionally
solidiﬁed along the o0014 crystallographic orientation with
different deviation angles. The morphologies of the quenched
interface are varied with the deviation angle. Typical primary
dendrite arms grown along the o0014 orientation from the
bottom of the sample can be observed in the quenched
interfaces (Fig. 2(a and b)). However, the dendrite
Fig. 2 OM images of the quenched liquid–solid interface of o0014 orientation deviated from the sample axis: (a) y¼3.81, (b) y¼7.31,
(c) y¼8.61 and (d) y¼9.81.
Fig. 3 OM images of the transverse microstructures (upside) and XRD patterns (downside) of single crystal with o0014 orientation:
(a) y¼3.81, (b) y¼7.31, (c) y¼8.61 and (d) y¼9.81.
Table 1 Orientation of single crystals and primary
dendrite arm spacing.
Orientation y (1) l// (mm) l? (mm) lT (mm)
o0014 3.8 86.47 – 86.28
o0014 7.3 91.35 – 90.61
o0014 8.6 91.53 – 90.49
o0014 9.8 91.60 – 90.26
o0114 0 131.8 84.4 93.20
o0114 6.4 123.4 78.7 96.44
o0114 14 122.5 93.9 105
o0114 22 117.9 89.0 108.53
Note: l// and l? refer to the primary dendrite arm spacing
parallel to and normal to the rows, respectively.
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tion angle increased, as shown in Fig. 2(c and d)). The
secondary dendrite arms are always normal to the primary
dendrite arms.
Fig. 3 shows the transverse microstructures (upside) and the
RO-XRD patterns (downside) of single crystals grown along
the o0014 orientation. The curves at the bottom of the
RO-XRD patterns are the orientations of the grown crystal.
The angle y is determined by RO-XRD patterns and calcu-
lated by the following equation:
y¼ y2y1ð Þ
2
ð1Þ
where y is used to describe the deviation angle of crystal
orientation, y1 is the ﬁrst diffraction peak and y2 is the second
diffraction peak. The dendrite morphologies with four-fold
symmetric side-branches can be observed in the transverse
section for single crystal with different deviation angles.
All the dendrites distribute homogeneously in the transverse
section. The primary dendrite arm spacing was calculated by a
conventional trigonometry method, and the results are shown
in Table 1. It indicates that the primary dendrite arm spacing
is as the function of the deviation angle y, and it becomes
coarser with the increasing of the deviation angle y.3.2. Dendrite morphologies of single crystal superalloy grown
along the o0114 orientation
Fig. 4 shows the quenched liquid–solid interface of the single
crystal directionally solidiﬁed along the o0114 crystallo-
graphic orientation. The quenched liquid–solid interface of the
o0114 orientation parallel to the direction of heat ﬂow is
shown in Fig. 4(a). The dendrite morphologies are present like
Fig. 4 OM images of the quenched liquid–solid interface of o0114 orientation deviated from the sample axis: (a) y¼01, (b) y¼6.41,
(c) y¼141 and (d) y¼221.
Fig. 5 OM images of the transverse microstructures (upside) and XRD patterns (downside) of single crystal with o0114 orientation:
(a) y¼01, (b) y¼6.41, (c) y¼141 and (d) y¼221.
C. Yang et al.410the letter ‘‘V’’ or ‘‘W’’. The side-branches are normal relative
to each other, but they feature an inclination of 451 towards
the direction of growth. At the face-ﬂow side, the secondary
dendrites grow rapidly and are more developed. However, at
the back-ﬂow side, the secondary dendrite growth is sup-
pressed by the rapid growth at the face-ﬂow side. As seen from
Fig. 4(a), the single crystal is obviously developed by con-
tinuous side-branching, and no typical primary dendrite arm
grows from the bottom of the sample. However, it is hard to
identify where the primary dendrite arm is and where the
second dendrite arm is as the deviation angle increased
(Fig. 4(b–d)).
Fig. 5 shows the transverse microstructures (upside) and the
RO-XRD patterns (downside) of the single crystal grown
along the o0114 orientation. The dendrites have four-fold
asymmetric side-branches and are arrayed regularly in rows,
as marked by the dark lines in Fig. 5(a). Parallel to the dark
lines, the dendrites are arrayed uniformly. However, in the
direction normal to the rows, the dendrites distribute non-
uniformly. The results agree well with Hiroshi and Takateru’s
study [15], they found that when the deviation angle of
primary dendrite growth from the heat ﬂow directionsexceeded a critical value (15–301), platelike structures could
be obtained. The dendrite arm spacing is different in the two
directions. Therefore, the dendrite arm spacing would be
inaccurate if measured by a conventional method, and it was
calculated in l== and l?directions in the present paper,
respectively. The results are shown in Table 1 and indicates
that the value of l== is larger than that ofl?. The value of l==
decreased with increasing deviation angle y, but the relation-
ship of l? and y is nonlinear.4. Discussion
4.1. Dendrite evolution mechanism of single crystal grown
along the o0014 and o0114 orientations
Side-branching of the dendrite in FCC metals occurs along the
o0014 crystallographic direction regardless of the direction
of heat extraction [11]. Therefore, if the preferred o0014
orientation is parallel to the direction of heat ﬂow, dendrite
side-branches will form and grow along the [001], [010], ½010,
[100], and ½100 orientations (Fig. 6(a)). However, if the
Fig. 6 Schematic representation of dendrite side-branching directions for single crystal grow along: (a) o0014 orientation
and (b) o0114 orientation.
Fig. 7 Schematic views of dendrite morphologies of crystal growth along the o0014 orientation: (a) longitudinal section
and (b) transverse section.
Fig. 8 Schematic views of dendrite morphologies of crystal growth along the o0114orientation: (a) longitudinal section
and (b) transverse section.
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of heat ﬂow, side-branches will form and grow along the [010],
[001], [100], and ½100 orientations (Fig. 6(b). Side-branches
will not grow along the o0114 direction, even if they are
parallel to the direction of heat ﬂow. This is attributed to the
fact that the dendrite side-branching in FCC metals only
occurs along the preferred orientations.
Based on the above analyses, the dendrite morphologies of
different orientations in the longitudinal and transverse sec-
tions can be summarized schematically in Figs. 7 and 8,
respectively. In the case of the o0014 orientation parallel
to the direction of heat ﬂow, the primary dendrite arms will
grow along the o0014 orientation and parallel to the
solidiﬁed direction. This is shown in Fig. 7(a) (primarydendrite arms A, B and C). These arms are not in the same
plane, but will distribute uniformly in the transverse section.
In the case of the o0114 crystallographic orientation
parallel to the direction of heat ﬂow, as shown in Fig. 8, no
typical primary dendrite arms growing along the crystallo-
graphic orientation were observed. In the longitudinal section,
the dendrites grow rapidly and were more developed at the
face-ﬂow side, thus blocking the evolution of dendrites at the
back-ﬂow side. Therefore, the dendrite morphologies form
‘‘V’’ or ‘‘W’’ patterns developed by continuously side-
branching along the [001] and [010] orientations (Fig. 8(a)).
The observed dendrites grow in the same plane by side-
branching, so the dendrites array in rows in the transverse
microstructure, as marked by the black lines in Fig. 8(b).
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Fig. 9 The relationship between the primary dendrite spacing
and the misorientation angle.
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either [001] or [010] because both orientations have the same
opportunities to branch. These analyses give reasonable
explanation for the results of the present experiments.
4.2. Dendrite arm spacing and the relationship between the
crystal orientation y
As one of the most important characteristics of dendrite
morphology, the primary arm spacing has been studied by
many scholars and different theoretical models have been
established [16–20]. The ﬁrst signiﬁcant treatment to charac-
terize primary arm spacing as a function of growth rate (V),
thermal gradient (G) and equilibrium solidiﬁcation range of
the alloy (DT0) was developed by Hunt [16]. Trivedi [18]
modiﬁed Hunt’s model using marginal stability criterion,
and got
l0 ¼ 2:38 DT0kDGLð Þ1=4V1=4G1=2 ð2Þ
where l0 refers to the primary arm spacing in which the
misorientation is not considered, kis partition coefﬁcient, D is
diffusion coefﬁcient in liquid, Gis Gibbs–Thomson coefﬁcient,
L¼ 1=2 l þ 1ð Þ l þ 2ð Þ for the spherical approximation of the
dendrite front, l is the harmonic of perturbation, for dendrite
l¼6.
As shown in Table 1, the dendrite arm spacing is correlated
to the deviation angle y, which is not considered in the above
models. Many previous works have reported the effect of the
crystal orientation on the primary dendrite arm spacing
[21,22]. Grugel and Zhou [23] found that the primary dendrite
arm spacing increased with y from 01 to 401 by using the
succinonitrile–water experiment. However, there are few lit-
eratures that reported about the dendrite arm spacing for
single crystal superalloy with different deviation angles y.
A branching-based model was developed by Gandin [22] to
study the relationship between the primary dendrite arm
spacing and the misorientation angle. A simple analytical
relationship was proposed by Gandin to account for the
orientation dependence of the primary dendrite spacing:
lT=l0 ¼ 1þ d½ðcos fÞe1 ð3Þ
where lT refers to the primary dendrite arm spacing with the
misorientation angle, f is the misorientation angle of the primary
dendrite arm deviated from the axis, and d and e are constants.
For d and e, it is found to be the order of 0.15 and 8 for
succinonitrile–3.61 wt% acetone alloy [22], respectively. As seen
from Fig. 9, the changes can be observed in lT=l0 with the
variation of deviation angle f in Gandin model. l==is resulted
from the side-branching of the dendrite in the present work, this
condition is consistent with the Gandin’s model. The f¼ ywhen
crystal grew along theo0014 orientation, and f¼ 45y when
crystal grew along theo0114 orientation for cube nickel-based
single crystal superalloy. Therefore, the primary dendrite arm
spacing lTwas calculated by the equationlT ¼ lcosf, and the
results are reported in Table 1. Based on the data in Table 1, the
dendrite arm spacing with the misoriented dendrite is shown in
Fig. 9. The value of lT=l0 increased with the deviation angle f
ﬁrst, and then decreased. The maximum of the lT=l0 appears at
the f¼251 in our experiments.
In the present study, the results are different from the
prediction of Gandin model, especially when f exceeded about
301. The lT is three times bigger than l when f¼451, which isdisagreed with the experimental observation. In Gandin’s
model, the primary dendrite arm spacing lT was depended
on the side-branching of the tertiary arm. The new tertiary
dendrite, which is parallel to the initial primary arm, can
overpass secondary arms and become a new primary stem.
However, a lot of secondary dendrite arms also can overpass
some of initial primary arms and affect the primary dendrite
arm spacing as the angle f is larger. In addition, the primary
stem would grow along two directions as the crystal growing
along the o0114 orientation, both the [001] and [010]
orientations have the same chance to become primary arm.
Therefore, the new formed primary arms may be parallel to or
perpendicular to the initial primary stem. This phenomenon
can be veriﬁed in Fig. 4(a). On the other side, Gandin model
was obtained by assuming that the branching lead to the
formation of only one new primary stem initiated from a
stationary growing primary dendrite trunk. However, several
new primary stems branching from the same secondary
dendrite can be observed in our experiments. Therefore,
Gandin model may be not suitable to the crystal growth with
larger f, which result in the difference between the prediction
of the model and experimental observation. The analytical
relationship between the primary dendrite arm spacing with
the deviation angle f for superalloys needs further study.5. Conclusions
The mechanism of dendrite evolution of nickel-based single
crystal superalloys grown along the o0014 and o0114
orientations in directional solidiﬁcation castings are different.
The primary dendrite arm spacing is also correlated to the
crystallographic orientation. The following conclusions can be
drawn from this work:(1) The mechanism of dendrite evolution in the o0014
orientation indicates that the primary dendrite arms
grow along this orientation from the bottom of the
sample. However, for crystals that grow in the o0114
orientation, development occurs by continuous side-
branching of the dendrites along the [001] and [010]
orientations, and the ‘‘W’’ pattern dendrite is obtained in
longitudinal section.
Dendrite morphology and evolution mechanism of nickel-based single crystal superalloys 413(2) The primary dendrite arm spacing is as the function of
the deviation angle f. The results showed that with the
increase in the deviation angle f, lT=l0 ﬁrst increased,
and then decreased. The maximum of the lT=l0 appears
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